The steady-state distribution volumes of glu cose, 3-0-methylglucose, and 2-deoxyglucose (2DG) are known to change as the concentration of glucose in plasma ranges from hypo-to hyperglycemic values.
saturation concentrations and the ratio of the two maxi mum velocities for glucose were assumed to be invariant over the entire range of plasma glucose concentration.
Good agreement between measured and estimated values for the distribution volumes and the lumped constant was attained over the full range of plasma glucose concentra tion. The model estimates reflected the progressive trans port limitation of the brain glucose content as plasma glu cose levels were reduced to hypoglycemic values. The results also indicated that these changes should be evi dent in the time course of 2DG in brain following admin istration by bolus or continuous infusion, and thus that extraction from plasma and its entry into the vari ous metabolic pathways. As the velocities of satu rable processes, such as backflux across the blood brain barrier and hexokinase-catalyzed phosphory lation, are determined by the tissue glucose content, which is itself dependent on these reaction velocities, the steady-state condition is determined by the internal self-consistency among the reaction velocities and the tissue glucose level. Tissue glu cose levels, furthermore, act as determinants of the reaction velocities for tracer glucose analogues that compete with glucose for the same enzymes and membrane transporters, and these velocities in turn determine the steady-state distribution volumes of the analogues.
Our goal was to test whether the behavior of the experimentally measured distribution volumes of glucose, 3-0-methylglucose (30MG), and 2-deoxy glucose (2DG) in the brains of conscious rats as the concentration of glucose in plasma was varied from hypo-to hyperglycemic values (Dienel et aI. , 1991) could be accounted for by such a simple model picture. In the model, the steady-state distribution volumes were assumed to be determined by the properties of the saturable transport barrier at the capillary endothelium and the saturable phosphory lation process. The maximal velocities and half saturation concentrations of these two processes for glucose, along with the total physical distribu tion space in tissue for hexoses, determined the steady-state tissue glucose content at any given value of plasma glucose concentration. The pre dicted brain glucose content was, in fact, not de pendent on the individual values for the maximal velocities for transport and phosphorylation, but was sensitive only to their ratio. The model predic tions of the brain glucose content as a function of plasma glucose concentration were thus determined by only four variable parameters. If 30MG was present in only tracer concentrations, then its steady-state distribution volume could be deter mined from these same parameters, and no new pa rameters unique to 30MG were required. On the other hand, description of the distribution volume of 2DG, even if it was present only in tracer quan tities, required the specification of a fifth parameter that reflected a particular simple combination of its transport and phosphorylation maximal ve locities and half-saturation constants. Thus, values for only five parameters were required to describe the steady-state distribution volumes of glucose, 30MG, and 2DG, as the plasma glucose concentra tion ranged from hypoglycemic to hyperglycemic values.
THEORY

Model assumptions
Inclusion here of an assumption is not meant to imply either that it has been established beyond question or that it represents a major determinant of the model predictions. The sensitivity of the model estimates to the various assumptions is treated in specific cases in Results. The assumptions are as follows: (a) The transport of glucose at the blood brain barrier and its phosphorylation in the cell act as single, saturable barriers. The half-saturation substrate concentrations, and the ratio of the two maximum velocities, are constant over the entire range of plasma glucose concentration studied. (b) The transport barrier is symmetrical and transport processes in the two directions do not interact. (c) J Cereb Blood Flow Metab, Vol. 11, No. 2, 1991 The transport rates of both glucose and 2DG across the plasma membranes of all constituent cells are so rapid that the interstitial and cellular contents for each hexose can be regarded as equilibrated parts of the same pool. (d) The limiting physical distribu tions (i.e. , physical distribution spaces) of all hex oses in brain tissue are regarded to be identical. Although tissue and blood water should represent most of the distribution spaces for hexoses, there may be significant content in other components as well. This assumption thus requires that any non aqueous components of the physical capacity of tis sue and blood for hexoses, e. g., their distributions in protein or in lipid, are the same for all hexoses.
Model equations
In our model equations we preserve the notation Ce of Sokoloff et al. (1977) for the mass-specific total tissue content of glucose. It is important to note that although the symbol C is used, this is not an aqueous concentration of glucose, but rather the glucose content per unit mass of tissue that is the result of tissue extraction procedures.
Glucose distribution volume
Because the distribution volumes of all glucose analogues in brain, and thus also the 2DG/glucose LC, are dependent on the tissue glucose content Ce, the primary model equation is the one that defines the steady-state value of Ce as a function of the arterial plasma concentration Cpo Its derivation be gins with the kinetic equation where K 1 and k2 represent transport forth and back across the capillary endothelium and k3 represents the phosphorylation process. This equation is not a linear equation as the coefficients, k2 and k3' of Ce are themselves functions of Ceo If steady state is attained, the rates of change of Cp and Ce are both zero and the distribution volume for glucose V g is determined by
(2) Note that in this expression we have introduced the convention of using the same variable name without the time argument to express the steady-state value of a time-dependent variable. To use this expres sion to predict the plasma glucose dependence of Ce requires model expressions for the rate constants in terms of more fundamental model parameters and in terms of the steady-state values of Cp and Ceo For the transport rate constants we use the sim plified Michaelis-Menten principles for saturable transport:
where T max is the maximal velocity, and Kt the half saturation concentration, of the transport process and Vd is the total physical distribution space for hexose per unit mass of tissue. The rate constants are thus expressed as independent, saturable trans port processes with identical maximal velocities and half-saturation constants. The effective half saturation concentrations for transport in the two directions are apparently different only because the physical distribution space Vd for glucose in tissue is not unity. The approximate nature of these sim plified forms and the assumptions required by them have been discussed by several authors (Gjedde, 1982; Cunningham, 1985; Holden, 1985) . Their choice was consistent with our goal of determining the simplest possible model that can account for the essential features of the behavior of the distribution spaces.
The rate constant k3 is similarly expressed as rep resenting a single, saturable process with maximal velocity V max and half-saturation constant Km:
For a selected set of values for Tmax, V max' Kt, Km, and Vd, the steady-state glucose content Ce can be evaluated for each value of Cp from the relationship
Substitution of the expressions for the rate con stants yields
Note that the model distribution volume is indepen dent of blood flow in this simplified analysis. If we divide each term in Eq. 7 by T max' it becomes evi dent that for any given value of Cp' the value of Ce is not sensitive to the actual values of the maximal velocities for transport and phosphorylation but only to their ratio. The glucose content C e and the glucose distribution volume, V g = Ce/Cp' can be estimated by numerical solution of Eq. 7. In their pioneering work, Regen and co-workers derived an expression identical to our Eq. 7 for the analysis of glucose transport in both erythrocytes (Regen and Morgan, 1964) and rat brain (Buschi azzo et a!. , 1970) . They showed that the expression is, in fact, a simplification of a more complex gen eral expression that takes into account the possibil ity that transport processes in the two directions may interact because they compete for the same carriers. Equation 7 is the appropriate expression when the glucose concentration on one side of the membrane has negligible effect on the concentra tion of free carriers on the opposite side. The suc cess of this approximation in the present study im plies that this condition is met by the rat brain en dothelial transporters. The use of the measured arterial plasma glucose concentration Cp in Eq. 7 represents an additional approximation. The plasma glucose concentration is progressively depleted along the long axis of each capillary, and thus the average concentration of glu cose that exchanges with tissue is in general less than Cpo Based on measurements in this laboratory of cerebral arteriovenous differences in hypoglyce mia , the discrepancies between arterial and mean capillary concentrations are ex pected to vary from 5 to 15% over the range of C studied. This slight distortion of the C axis doe� p affect the values of the estimated model parameters; the goal of this work, however, was not to provide parameter estimates but rather to demon strate the simplest possible model picture of the dis tribution space behaviors.
30MG distribution volume
The kinetics of 30MG, a nonmetabolizable ana logue of glucose, can be described by (8) where the rate constants represent the same func tions as in Eq. 1, but for 30MG. The superscript mg has been added to the rate constants and content variables to distinguish them from those for glu cose. The equilibrium distribution volume V is mg thus (9)
In the event that all hexoses other than glucose are present only in tracer concentrations, the expres sions for K'{' g and k'{' g are (Dixon and Webb, 1964) as follows:
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Substitution into Eq. 9 yields (12) Because the distribution volume V m g is dependent only on the ratio of the transport rate constants and this ratio is determined entirely by the properties of glucose, no new model parameters need be intro duced for its estimation. Equation 12 predicts that as Cp and thus also Ce decline to smaller and smaller values, V m g approaches its upper limiting value Vd• As both Cp and Ce become large relative to Kp V m g tends to fall to its lower limiting value of V g = Ce/Cp• Model estimates of V m g as a function of Cp can be made by substituting the values of Ce, cal culated at each Cp by Eq. 7, into Eq. 12.
2DG distribution volume
2DG is a substrate for hexokinase and its kinetic behavior can be described by
In the steady state, the distribution volume Vd g for 2DG is (14) Evaluation of Vd g by Eq. 14 requires model esti mates for the individual rate constants as above:
and (17) where rct�ax and K� g are the maximal velocity and half-saturation concentration at the transporter, and vct�ax and K� those for hexokinase, respectively, for 2DG. The expression for Vd g can be simplified by dividing both numerator and denominator by k� g :
K1glk�g
K1glk�g
where the variable ratio r
indicates the relative probabilities for phosphoryla tion and for transport from brain back to plasma for a 2DG molecule in the tissue precursor pool. The ratio of K� g and k� g can be modeled in a way similar to that for 30MG above (Eqs. 9-11). Again, if 2DG is present only in tracer quantities, this ratio is in dependent of the properties of 2DG, is determined entirely by those of glucose, and is equal to the distribution volume for 30MG. Thus, 
The dependence of r on Ce is thus determined by Eq. 22. Because Kt is much larger than Km (�5 mM and 50 f..L M, respectively), r will decrease from large to small values as Ce increases from hypo-to hy perglycemic values. Estimation of Vd g by Eqs. 21 and 22 requires a value only for the combination of parameters vct�ax� g /rct�axK�, and not for the four values individually. Thus, estimation of the 2DG distribution volume at all Cp values effectively re quires the evaluation of only one additional param eter.
Implicit in the expressions for the steady-state distribution volumes for glucose and 2DG in terms of kinetic constants is the assumption that the phos phorylation processes are irreversible. In the event that some fraction of phosphorylated glucose does not continue through the glycolytic pathway but is hydrolyzed back to the glucose pool, Eq. 2 takes the modified form (Sokoloff et aI., 1977) 
where <l> represents the fraction of glucose-6-phos phate that does not return to glucose. A comparable modification is not appropriate in the event of hy drolysis of deoxyglucose-6-phosphate because the equivalent fraction <I> for 2DG would not take on a steady-state value, but would fall gradually from unity to zero over an extended period of time. Be cause the rates of product loss are so small during the first hour after 2DG administration (Sokoloff et aI., 1977; Sokoloff, 1982; Mori et aI. , 1990) , Eq. 14 represents the tissue 2DG volume with an accept able degree of accuracy during that time. In all model estimates the fraction <I> was set to unity. As it appears in the model only as a coefficient of k3' any assumed reduction in the fraction <I> would be absorbed directly into a proportionate increase in the fitted ratio of maximum velocities. The essential character of the fitting process therefore is not de pendent on the assumed value for <1>.
Lumped constant
The steady-state phosphorylation rates of 2DG and of glucose are equal to their tissue contents times their respective phosphorylation rate con stants, k� g and k3• The ratio of the phosphorylation rate of 2DG to the net phosphorylation rate of glu cose, divided by the specific radioactivity of the 2DG in plasma, is the LC: An expression that better shows the relationship between the LC value and 2DG kinetics can be de rived by substituting for the distribution volumes according to Eqs. 14 and 2:
Note that the fraction <I> has been set to 1. 0 for simplicity. As above, we can divide numerator and denominator by k� g . If we assume that the ratio of K) to k2 is the same for all hexoses (Gjedde, 1982) , i.e., K'f g k 2 k� g . K) = and substitute the identity
As the two r dependent terms sum to unity for all r values, the LC can be regarded as a weighted aver age of the ratios K1 g / K) and k� g / k3. These two ratios are expected to be invariant with changes in Cpo For example, from Eqs. 5 and 17,
The assumption of invariance thus does not demand that the maximum velocities do not change, but only that the maximum velocities for the two com pounds change in equal proportion, as would be expected for a change in hexokinase activity. As r decreases to small values, that is, at normo-and hyperglycemic values of Ce, Eq. 29 predicts that LC will approach this constant value k� g /k3' As r in creases in response to decreasing glucose content, the LC value is predicted to approach the other lim iting value, K1 g /K]. This concept of the LC value ranging between the limiting values set by the "transport coefficient" K1 g /K] and the "phosphorylation coefficient" k� g /k3 has been described by Crane et ai. (1981 Crane et ai. ( ,1983 . The identical concept, with minor differences in mathe matical expression, was reported simultaneously by Cunningham and Cremer (1981) . Equation 29 has also been suggested as a means for assessing the stability of the LC by Phelps and co-workers (Phelps et aI. , 1983; Hawkins et aI., 1986) .
Estimates of LC based on the combination of Eqs. 29 and 22 are, of course, equivalent to those based on Eq. 25. The alternative formalism, how ever, serves to emphasize two important points.
First, the changes in LC as Cp ranges to hypogly cemic values are shown to be associated with the differences in the relative affinities of 2DG and glu cose at the transporter and at hexokinase. Second, if an index (i.e. , r) of the relative rates of phos phorylation and backflux of 2DG from tissue to plasma could be derived from measurements of 2DG tissue-time courses, it would provide a sensi-tive predictor of local LC changes. In the conven tional nonlinear optimization approaches to fitting 2DG or 2-deoxy-2-fluoroglucose time courses, the total tissue radioactivity concentration is expressed (Schmidt et aI., 1989) as follows:
where 0. = k� g + k� g , A = Kf g k� g /(k� g + k� g ), and B = K� g k� g /(k� g + k� g ). The desired ratio k� g lk� g can thus be estimated as the ratio BIA of the optimized values of the two coefficients. As the parameters k� g and k� g are known to have a positive covariance in the fitting procedure, it is expected that their ra tio would be more stable than the individual values themselves. This is analogous to the well-estab lished stability of the combination of rate constants, K� g k� g /(k� g + k� g ), that expresses the fractional phosphorylation rate of 2DG, despite the equally well-established instabilities of the fitted values of the individual rate constants. Prospects for extract ing indexes of local LC change directly from 2DG kinetics are elaborated again briefly in both Results and Discussion.
Specification of model parameter values
The parameters Vd, Kp Km, and the ratio V maxi T max were evaluated on the basis of minimization of the sum of the squared discrepancies between the model predictions and the experimentally measured distribution volumes for glucose and 30MG re ported by Dienel et al. (1991) . A combination of linear and nonlinear estimation was performed. If the values of Kt and Vd are specified, then Km and the ratio V maxlT max can be estimated by linear least squares evaluation of the best-fit slope and inter cept of a model-dependent linearization of the mea sured glucose distribution volume data (Buschiazzo et aI., 1970) . The optimal values for Kt and Vd were searched for on a two-dimensional grid that spanned their respective ranges of reasonable val ues. For each pair of selected values, the optimal values of Km and V maxlT max were estimated directly by conventional linear least-squares methods. The resulting four-parameter set was used in Eqs. 7, 2, and 12 to evaluate V g and V m g as functions of Cpo A measure of goodness of fit was calculated by sum ming the squared discrepancies between model pre diction and measured data for the entire sets of V g and V m g data. At the end of the search, the Kt, Vd pair giving the smallest total squared discrepancy J Cereb Blood Flow Me/ab. Vol. 11, No.2, 1991 was determined by inspection. The optimal Kt value determined in this way was 8.0 mM, in good agree ment with several literature values (Buschiazzo et aI., 1970; Betz et aI., 1973; Gjedde, 1982; Pardridge et aI., 1982) . The optimal fitted value for Vd (0.81 ml plasma/g) was slightly larger than the tissue water content used in several previous reports (Crane et aI., 1978; Gjedde, 1982; Pardridge et aI., 1982; Gjedde et aI., 1985) . The numerators of equilibrium distribution volumes refer not to water but to a vol ume of the reference fluid, that is, the perfusing fluid with which the tissue would be equilibrated in the steady state. Thus, on the basis of the same theoretical assumptions used previously to argue that Vd should equal the average brain water con tent, the value of Vd would instead be expected to equal the ratio of brain and plasma water contents (Hatai, 1918; Crane et aI., 1978) , or ml water ml water
The values for Km (0.063 mM) and V maxlT max (0.34) evaluated by the data linearization method agreed reasonably well with the published values of Gross bard and Schimke (1966) and of Buschiazzo et al. (1970) , respectively.
As noted above, the estimation of Vd g and of LC, respectively, required values for the combinations of parameters V�axK� g /rct�axK� g and k� g lk3 = vct�axKmlV max��' The interpretation of these two new combinations of parameters becomes more straightforward when they are expressed in terms of the transport and phosphorylation coefficients de fined previously. The second of the combinations is, in fact, already equal to the phosphorylation co efficient; the first can be determined from the trans port coefficient, the phosphorylation coefficient, and previously specified model parameters:
Substitution back into Eq. 22 for the ratio r gives
The parameters required for estimation of Vd g and LC are therefore specified completely by the four previously evaluated parameters (Vd, Kt, Km, V maxi T max) together with the transport and phosphoryla-tion coefficients. This clarifying reinterpretation of the parameters required no new assumptions. We first attempted to adjust the values of the transport and phosphorylation coefficients by using the same linearized nonlinear least-squares optimi zation as above with the values adjusted to bring the total squared discrepancy between model predic tions and the measured values of the 2DG distribu tion volume Vd g and LC to a minimum. Unlike the case of V g and V m g above, however, a single pair of values that optimized model agreement for both data sets simultaneously could not be found. The final values selected for presentation represent compromise values. Although they do not give op timal agreement for each data set taken separately, they give reasonable simultaneous agreement be tween model and measured data for both the 2DG distribution volume and LC. The value selected for k� g /k3 was 0. 22 on the basis of model agreement with the LC measurements at high Cp values (Dienel et aI., 1991) . Although this value is less than that determined in vitro by Grossbard and Schimke (1966) , it is in reasonably good agreement with re ported values for the phosphorylation coefficient in rat both in specific brain regions (Pardridge et aI. , 1982) and in whole brain (Crane et aI. , 1983; Fuglsang et aI., 1986) . The value chosen for the transport coefficient K� g /Kl was 1.50, primarily on the basis of agreement with the Vd g measurements at low Cp values. The value is consistent with mea surements of hexose unidirectional extraction re ported by Cunningham and Cremer (1981) and with values of transport coefficients in rat brain hemi spheres reported by Pardridge et al. (1982) .
RESULTS
Hexose distribution volumes
Model estimations for the tissue glucose content (Eq. 7), glucose (Eq. 2), 30MG (Eq. 12), and 2DG (Eqs. 21 and 22) distribution volumes and the LC (Eq. 25), were performed as plasma glucose con centrations were varied from 0 to 30 mM (Figs. 1-3) . The data points plotted in Figs. 1 and 2 are the experimentally measured values from the work re ported by Dienel et al. (1991) . The data points in the upper right panel of Fig. 3 are the values for the LC determined in this laboratory by the direct, model independent method based on measured arteriove nous differences of 2DG and glucose across the brains of conscious rats (Sokoloff et aI., 1977; Schuier et aI. , 1981 Schuier et aI. , , 1990 Suda et aI. , 1981 Suda et aI. , , 1990 . The dependences of the tissue distribution volumes of glucose and 30MG on the concentration of glu cose in plasma are reproduced well by the model calculations. The progressive decrease of the slope of Ce vs. Cp (Fig. la) as Cp increases is revealed by the model estimates to be due to the approach to ward saturation of membrane transport. This same effect is manifested as the negative slope of model V g estimates versus Cp at hyperglycemic values (Fig. 2) . The smooth asymptotic decline of the mea sured Ce values in deep hypoglycemia (Cp of <4 mM; Fig. 1 b) apparently reflects the progressive de saturation of hexokinase, which causes a concomi tant decline in glucose utilization. The brain glucose content thus tends to be maintained at higher levels by this reduced glucose utilization, and brain glu cose approaches zero more gradually than if normal rates of utilization were maintained. The model as sumptions that (a) the distribution volumes of tracer concentrations of 30MG are sensitive to the tissue glucose content, (b) their variation with Cp depends only on the transport and phosphorylation charac teristics of glucose itself, and (c) 30MG is not phos- Dienel et al. (1991) . The model curves were calculated from Eqs. 2, 12, 21, and 22. The parameter values were specified as described in the text.
phorylated to any significant degree (Jay et aI. , 1990) are all supported by the good agreement be tween model and data (Fig. 2) .
Because the two parameters K1 g /K1 and k� g /k3
were not optimized by comparison to data, the agreement between model and data for Vd g (Fig. 2) and for LC (Fig. 3) is not as striking as that for V g and V m g ' The essential features of both, however, are clearly reproduced by the model predictions.
The Cp dependence of Vd g is seen to be very similar to that of V g , but the higher affinity of 2DG to the transporter, and the lower affinity to hexokinase, relative to those of glucose cause a relatively more rapid decline of Vd g at hyperglycemic Cp values and a correspondingly more rapid decline of V g at hy poglycemic Cp values. It is the ratio of these two different dependencies on Cp that determines the characteristic shape of the dependence of the LC on Cp (Eq. 25; Fig. 3) , i.e. , that the phosphorylation of 2DG becomes progressively more favored in hypo glycemia.
Sensitivity analysis
Sensitivity functions (percentage change in the estimated value of a distribution volume or of the LC caused by a positive 1% change in a specific model parameter) were calculated over the same range of plasma concentrations in selected cases (Figs. 4 and 5) .
Although the patterns of sensitivity to Kt and to the maximal velocity ratio V max/T max are very dis tinct for the three different compounds, it is inter esting to note that they both appear to be converg ing to similar values for the three as Cp increases (Fig. 4) . This is consistent with the model prediction that the three distribution volumes tend to converge to similar values as the plasma glucose concentra tion increases without limit. Because the LC is pro portional to the ratio of Vd g to V g , the highly dis tinctive patterns of the sensitivities of V g and Vd g to Kt and to V max /T max at lower Cp values (Fig. 4) are reflected in the patterns of sensitivity of the LC to the same parameters (Fig. 5) . At low Cp values a small increase in these parameters causes both V g and Vd g to decrease. As the decrease in V g is greater, the small increase in these parameters re sults in a corresponding increase in the LC value. Vg and Vd g were found to be sensitive to the value of Km only at Cp values of <5 mM. The increases in sensitivity seen at the most hypoglycemic values are a reflection of the progressive de saturation of hexokinase. The 30MG distribution volume V m g was insensitive to Km at all Cp values.
The sensitivities of Vd g to the transport and phos phorylation coefficients (Fig. 4) were equal but op posite in sign at all Cp values. Simultaneous changes in both the transport and the phosphorylation coef ficients by the same factor would thus leave Vdg unchanged. The sensitivities of the LC to the same parameters (Fig. 5) show the shift of control strength (Kacser and Burns, 1979) from phosphory lation to transport as Cp decreases. The LC value rises in hypoglycemia as the transport process be comes an increasingly more important limiting de terminant of the rate of glucose utilization. Phos phorylation, however, appears to be dominant as Suda et al. (1981 Suda et al. ( , 1990 and Schuier et al. (1981 Schuier et al. ( , 1990 . Bottom: Dependence of the ratio r, reflecting the relative probabilities of phosphorylation versus backflux into plasma for a molecule of 2-deoxyglucose in tissue, on plasma glucose concentration (Eqs. Fig. 3 . The Cp dependence of the LC is presented as the composite of two more easily understood dependences: the dependence of the ra tio r = k� g /k� g on Cp (Eqs. 7 and 22; Fig. 3, bottom) and the dependence in turn of the LC on r (Eq. 29; Fig. 3, top left) . The ratio r is seen to be small over most of the Cp range, indicating that a molecule of 20G that has reached the site of phosphorylation is more likely to be transported back to plasma than to be phosphorylated. As Cp decreases, the relative likelihood of phosphorylation becomes steadily greater until finally the ratio r becomes so large that the phosphorylation of a molecule of 2DG trans ported into brain becomes effectively certain. A similar increase in relative likelihood is predicted for glucose as the corresponding ratio of rate con stants for glucose is predicted to be everywhere proportional to r. As the phosphorylations of both substrates, once transported, become effectively certain, the different affinities of hexokinase for the two hexoses become irrelevant, and the relative fluxes are determined by the kinetics of their trans port. Thus, as r rises, the LC increases from near its intercept value of k� g /k3 toward its asymptotic value of K1 g /K\ (Fig. 3, top left) . Finally, the LC values predicted by each r value are replotted versus the corresponding original value of Cp (Fig. 3, top right).
DISCUSSION
All of the data points in Figs. 1-3 represent whole-brain averages, i.e., mass-weighted combi nations of the heterogeneous values from the whole brain. It is important to note that because our cor responding model predictions are also for whole brain averages, none of the model parameters can be interpreted as having uniquely defined physio logical or biochemical correlates, but rather repre sent the composite behavior of many independent, distinct processes throughout the brain. Despite this limitation on the interpretation of our fitting results, several important points can be noted.
Previous studies of brain glucose transport (Betz et aI. , 1973; Pardridge et aI. , 1982) have indicated the presence of a significant nonspecific, nonsatura ble component of glucose transport into brain. Such a component would be expected to result in a slow J Cereb Blood Flow Metab. Vol. 11. No.2. 1991 but progressive and monotonic rise in both V g and Vd g to asymptotic limits as Cp increases. The cur rent results do not support the presence of such components; the decreasing trends of the measured distribution volume values at high values of Cp are reproduced well by the model assumption of an en tirely saturable transport process. Similarly, the success of the model predictions in deep hypogly cemia supports the assumption that the cell mem brane does not impose a significant transport bar rier to the phosphorylation process.
Second, the success of the model fits of the 30MG distribution space at low Cp values excludes the significant phosphorylation of this compound in vivo with a high degree of sensitivity. As Cp falls below normoglycemic values and phosphorylation is progressively dis inhibited by the fall in tissue glu cose concentration, the distribution volume of a metabolized tracer such as 2DG declines rapidly (Fig. 2) . Comparison of the model predictions for 2DG and for 30MG reveals that this decline can be attributed to the phosphorylation process ( Fig. 2 ; Eqs. 12 and 21) and that the phosphorylation rate of 30MG in this system must be extremely small com pared with that of 2DG. At the same time, this ob served rapid decline of the 2DG distribution volume in deep hypoglycemia is reproduced well by model calculations that assume the trapping of 2DG by phosphorylation to be irreversible. Significant hy drolysis of phosphorylated products of 2DG over the experimental period would tend to increase the tissue precursor volume. The success of homogeneous brain model calcu lations in fitting heterogeneous brain data may arise at least in part from a constancy of the ratio of the maximal velocities for phosphorylation and capil lary membrane transport, despite possibly wide variation in their individual values in specific brain regions. Furthermore, estimates based on a fixed value for the maximal velocity ratio gave good agreement over the entire range of Cp values, de spite possible changes in the individual maximal ve locities in deep hypoglycemia. This good agreement between measured values and model estimates of V g (Fig. 1) supports the concept that the two max imal velocities are associated, both in their varia tion among different anatomical regions and in their responses to changes in local glucose concentra tion.
This same point may bear on the applicability of the model results to altered physiological states such as seizure. If, for example, the increase in the maximal velocity of phosphorylation induced by seizure were to be greater than that induced in the maximal velocity of transport, their ratio would in crease, and all three distribution volumes would de cline at all Cp values (Fig. 4) . The greater sensitivity of V g relative to that of Vd g would cause a corre sponding increase in the LC value (Fig. 5) . The as sociation between the distribution volume or LC values and the Cp value predicted by these model calculations is therefore expected to be applicable only as long as the four major model parameters, V d' KI' Km, and V maxlT max' have not changed sig nificantly.
The model relationship between LC and r, how ever, unlike the dependencies on Cp, is not pre dicted to change in such circumstances; that rela tionship would be altered only by changes in the phosphorylation and transport coefficients CEq. 29). Such changes would be expected to occur only with a major breakdown of the model assumptions, such as the opening of a major nonspecific transport pro cess or the activation of alternative transporters or enzymes with greatly different relative affinities.
Thus, indicators of LC change derived from 2DG kinetics would be expected to be applicable to a great variety of physiological states.
Although Eq. 29 implies that K� g lKl and k�glk3
represent theoretical upper and lower limiting val ues for the LC, it is important to note that these limiting values are never actually attained. This can be understood in the context of the model by noting that the lower and upper bounds on the ratio rare not zero and infinity, but rather are determined by the values of the model parameters as Ce attains its largest and smallest possible values. Equation 7 im plies that Ce will approach an upper limiting value of � 15 fLmol/g as Cp increases without limit. At this value Eq. 22 predicts a minimum r value of � 0.07 . As Ce declines to a value of 0, the same equation predicts that r will increase to its upper limit of � 7 ( Fig. 3) . Thus, the LC values are not predicted to range over the entire difference between the two coefficient values, but rather over only 10-90% of the difference.
The results of these model calculations indicate that it should be possible to derive indexes of local LC change directly from the measured time courses of 2DG or 2-deoxy-2-fluoroglucose. In the applica tion of the two-compartment, three-parameter model to the time courses of total tissue radioactiv ity following tracer administration, the relative like lihoods of phosphorylation and transport (r = k� g / k� g ) can be determined from the ratio of two coef ficients directly optimized in the fitting procedure (see Eq. 31). Estimates of this ratio may be suffi ciently stable to allow estimates of the local LC to be made, despite instabilities of the fitted values of the individual rate constants themselves. Of course, the LC estimates would be sensitive to the pre sumed values for the ratios K't g /K1 and k� g /k3' Al though there are strong theoretical grounds for as suming the constancy of these ratios across both brain regions and metabolic state, the possible vari ation of these values, as has been observed, for example, in tumor (Kapoor et aI., 1989) , would re main a fundamental limitation on the accuracy of LC changes derived in this way.
